ABSTRACT New optical spectra of SN 2007gr, SN 2007rz, SN 2007uy, SN 2008ax, and SN 2008bo double-peaked profile type is necessarily the signature of emission from front and rear faces of ejecta arranged in a toroidal disk or elongated shell geometry as previously suggested. We find that asymmetric double-peaked profiles, if interpreted to originate from tori, require the unexpected situation where the centers of expansion are systematically displaced toward the observer at velocities up to 2000 km s −1 , whereas symmetric double-peaked profiles may simply arise from the doublet line nature of [O I] seen under optically thick conditions leading to a 6300:6364 intensity ratio close to one. We propose alternative interpretations of double-peaked emission profiles and test them with simple line fitting models. While the underlying cause of the observed predominance (18 out of 20) of blueshifted emission peaks is unclear, it may be due to internal scattering or dust obscuration of emission from far side ejecta.
INTRODUCTION
Analyses of emission line profiles of ejecta-tracing elements in stripped-envelope, core-collapse supernovae (CCSN) during the "nebular phase" several months after outburst permit one to probe the chemical and kinematic properties of the metal-rich ejecta, thus yielding clues about CCSN explosion dynamics and geometry. Particular attention has been paid to studying the line profiles of oxygen, magnesium, and calcium as these elements are believed to reside from deep layers of the pre-supernova progenitor star and are among the strongest lines 100 to 200 days post-outburst (Fransson & Chevalier 1989) . Stripped envelope SN lacking strong Hα emission (i.e., Types IIb and Ib/c) can be particularly informative because details about the interior regions are not obscured by the hydrogen envelope surrounding progenitors of Type II SN.
Late-time spectra of stripped CCSN have shown that double-peaked line profiles in [O I] λλ6300, 6364 emission to be a relatively common phenomenon, suggesting a possible unifying characteristic across types IIb and Ib/c. Maeda et al. (2008) found double-peaked [O I] λλ6300, 6364 profiles in 40% of a sample of 18 stripped CCSN, while Modjaz et al. (2008a) reported finding double-peaked [O I] profiles in three of eight SN IIb and Ib/c objects studied. These spectra show two conspicuous emission peaks often symmetrically situated around a trough centered at 6300Å and when present persist over the full observing period. Double-peaked emission line profiles deviate from the single-peaked profile expected from a spherically symmetric source and this has been interpreted as evidence for aspherically distributed debris having a torus or disk-like geometry. For example, in order to explain the double-peaked [O I] profiles of the Type Ic supernovae SN 2003jd and the supernova associated with GRB 980425, SN 1998bw, Mazzali et al. (2005) proposed a torus of O-rich debris perpendicular to a high-velocity jet in a gamma-ray burst (GRB) model. Maeda et al. (2008) was able to model double-peaked [O I] λλ6300, 6364 profiles of several CCSN with an aspherical, torus-like geometry of O-rich ejecta, concluding that the observed [O I] emission could be either single-or double-peaked depending on the viewing angle being either perpendicular to or along the torus plane. Modjaz et al. (2008a) also interpreted double-peaked [O I] λλ6300, 6364 profiles in several CCSN spectra and found them consistent with a torus-like distribution of SN debris generated by the explosion physics, but not necessarily a GRB-like jet/torus structure. Here we present observations and analyses aimed at characterizing the [O I] λλ6300, 6364 emission profile in late-time optical spectra of stripped-envelope CCSN. In §2 and §3 we present new, low-to moderate-resolution optical spectra of five recent stripped-envelope CCSN obtained 2 − 12 months after optical maximum. We then compare the [O I] λλ6300, 6364 emission line profiles of these and 15 other CCSN with published late-time spectra in §4 and §5. In §6 we summarize our findings, concluding that in part that double-peaked [O I] line profiles are not necessarily the signature of emission from front and rear faces of O-rich ejecta arranged in a toroidal geometry as previously suggested.
OBSERVATIONS
Low-dispersion optical spectra were obtained with the 6.5 m MMT and the 1.5 m FLWO telescopes at Mt. Hopkins in Arizona, and the 2.4 m Hiltner telescope at the MDM Observatory on Kitt Peak, Arizona. MMT observations used the Blue Channel spectrograph (Schmidt et al. 1989 ) employing a 1 ′′ wide slit and a 300 lines mm −1 4800Å blaze grating. Spectra typically spanned 3500 − 8000Å with a resolution of ∼ 7 A. FLWO observations employed the FAST spectrograph (Fabricant et al. 1998 ) with a standard slit width of 3 ′′ , a 300 lines mm −1 grating and wavelength coverage 4000 − 7400Å with 7Å resolution.
MDM observations used a variety of setups. A Boller & Chivens CCD spectrograph (CCDS) was used with a north-south 1.2 ′′ × 5 ′ slit and either a 150 lines mm
4700Å blaze grating yielding ∼ 10Å resolution or a 600 lines mm −1 4700Å blaze yielding ∼ 2Å resolution. The Modular Spectrograph in combination with the SITe 2K Echelle CCD detector was used with a 1.2 ′′ × 5 ′ slit and a 600 lines mm −1 5000Å blaze grating. Spectra spanned 4500 − 7500Å with resolution of ∼ 6Å. The Mark III spectrograph in combination with a SITe 1K CCD detector ('Templeton') was used with a 300 lines mm −1 6400Å blaze grism yielding spectra of ∼ 12Å resolution. Details all of observations including dates and exposure times are provided in Table 1 .
Spectra were reduced and calibrated employing standard techniques in IRAF 4 . Telluric features and obvious cosmetic defects have been removed from all spectra. Spectra were obtained under a variety of observing conditions and relative flux is believed accurate ±20%. All reported wavelengths are in the rest frame of the host galaxy as determined by redshift data retrieved online from NASA/IPAC Extragalactic Database (NED)
5 . Emission lines superimposed from nearby H II regions were sometimes red or blueshifted in velocity about ±200 km s −1 . These local velocity shifts, likely to due rotation in the host galaxy, were not corrected for in the spectra. Reported epochs are with respect to published dates of maximum optical brightness noted below, otherwise they are estimated with respect to discovery dates.
RESULTS
In Figure 1 we present new low-to moderate-resolution late-time optical spectra of five stripped-envelope CCSN observed [2007] [2008] [2009] . The left panel shows spectra of SN 2008ax at several epochs spanning its entrance into the nebular phase when emission is dominated by forbidden transitions. The right panel shows late-time optical spectra of SN 2007gr, SN 2007rz, SN 2007uy, and SN 2008bo. The following is a brief description of these data with particular emphasis on the emission lines of ejecta-tracing elements oxygen, magnesium, and calcium which will be discussed in greater depth in §4.
3.1. SN 2008ax SN 2008ax was discovered by Mostardi et al. (2008) in NGC 4490 (v = 565 km s −1 ) on 2008 March 3 and classified spectroscopically as a Type IIb supernova (Chornock et al. 2008) . Extensive spectra and photometric monitoring of the supernova and investigation of pre-explosion Hubble Space Telescope (HST) images show it consistent with the explosion of a young Wolf-Rayet progenitor star of WNL type (Crockett et al. 2008b; Pastorello et al. 2008) . The supernova reached maximum brightness m V = 13.5 on 2008 March 24 (Pastorello et al. 2008) .
Our late-time spectra (Fig. 1, left profile from the earliest spectrum on day 67 and persist until our last observation on day 307. We interpret the relatively strong emission peaked at 4544Å on day 307 with Mg I] 4571.
In Figure 2 , we show these same seven spectra enlarged around emission lines of interest to better see temporal changes in the observed features. The [O I] λ5577 line (Fig 2, left) Figure 3 , we show SN 2008ax's day 101 and day 307 spectra alongside optical spectra of SN 1993J taken at day 182 day and 387, measured from date of maximum brightness. Data for SN 1993J are from Matheson et al. (2000a,b) . Madison & Li (2007) in NGC 1058 (v = 518 km s −1 ) as part of the Lick Observatory Supernova Search. It was spectroscopically identified as a Type Ib/c by Chornock et al. (2007) and later confirmed as a Type Ic by Valenti et al. (2008a) . It reached maximum brightness m R = 12.8 on 2007 August 28 (Valenti et al. 2008a) . Pre-explosion HST WFPC2 and ground-based K-band images marginally favor a progenitor star from a 7.0 ± 0.5 Myr cluster having a turn-off mass of 28 ± 4 M ⊙ (Crockett et al. 2008a day 115 (Fig. 1, right Parisky & Li (2007) from the SNWeb 7 . Our spectra from days 52, 106, and 162 ( Fig. 1 , right panel) show SN 2008bo's entrance into the nebular phase. Blueshifted [O I] λ5577 emission is observed on days 52 and 106 but fades beyond detectability by day 162. During this time, emission from the [O I] λλ6300, 6364 lines shows conspicuous evolution. On day 52 two peaks, one centered around 6232Å and another centered around 6297Å (approximately −3200 and zero km s −1 ) are seen, with the blue peak stronger than the other. On day 106 the same two peaks are observed, but the blue peak is now weaker than the red one, and evidence of an additional minor peak around 6268Å is observed. By day 7 http://www.astrosurf.com/snweb2/2008/08bo/08boMeas.htm 162, the blue peak continues to weaken in strength relative to emission centered around 6300Å. In sharp contrast, the [Ca II] λλ7291, 7324 lines show little relative change throughout this time period.
LATE-TIME [O I] EMISSION LINE PROFILES
Our spectra of five stripped CCSN show a variety of [O I] λλ6300, 6364 emission profiles. Some exhibit roughly symmetric profiles, such as the the prominently double-peaked profile of SN 2008ax, whereas others are asymmetric and show evidence for multiple emission peaks, such as SN 2008bo. While clear differences exist between these spectra, interesting trends emerge in the [O I] emission profiles for these and several other supernovae.
We first discuss late-time emission line profiles of SN 2008ax, which exhibit the sharpest and best defined [O I] emission peaks compared to many other late-time CCSN spectra, and for which we have the best data set. We then compare these line profiles against other supernovae presented in this paper and taken from the literature.
SN 2008ax's O, Ca, and Mg Emission Line Profiles
In Figure In the right hand panel of Figure 5 we show the emis- (Spyromilio 1994; Filippenko et al. 1994; Wang & Hu 1994) , but later analysis appeared to favor [O I] λ5577 emission blended with [Fe II] λ5536 and [Co II] λ5526, the combination of which falsely gave the impression of blueshifted emission (Houck & Fransson 1996 Table 2 references the sources, observing details, and estimated epochs of all spectra. These 20 objects have been divided into two main divisions: Nine profiles that exhibit two prominent [O I] emission peaks positioned approximately symmetrically about 6300Å (left panel), and 11 asymmetric profiles with one peak lying near 6300Å and additional peaks at blueshifted velocities (right panel).
Symmetric Profiles
The nine [O I] λλ6300, 6364 emission line profiles shown in the left panel of Figure 6 share the property of exhibiting two strong emission peaks positioned on either side of 6300Å. The velocity of the blueshifted emission peak ranges from ≈ −1000 to −2600 km s −1 assuming it to be due to the [O I] λ6300 line. While the peaks - (1) can be sharp as in the case of 08ax or broad as in 03jd, the presence of these two emissions peaks dominate the overall appearance of the [O I] line profiles.
We subdivided these nine objects into three subgroups. Sometimes a third, weaker emission peak near zero velocity is seen in the [O I] λλ6300, 6364 profile and this is highlighted in the figure for three supernovae 05kl, 04ao, and 07rz (left panel, upper middle). The broadlined Type Ic supernova, 03jd, plotted at the top of the figure in its own subgroup, also shows a weak emission peak near zero km s −1 . Such profiles contrast with five SN (08ax, 06T, 04fe, 05aj, and 04gt) which exhibit a deep central trough between peaks with no obvious central emission peak (left panel, bottom).
Although the relative strengths of the blue and redshifted peaks vary across these subgroups, in most cases the spacing between the two peaks is around 64Å (3000 km s −1 ). The two lines of the [O I] λλ6300, 6364 doublet (more precisely at 6300.30 and 6363.78Å) are intriguingly close to this separation. We measured the center of the emission peaks for the profiles and and list the results in Table 3 . Also included in the table are the calculated separations between peaks and associated uncertainties. We find separations between 62 − 65Å in eight of nine symmetric profiles. The high incidence of 64Å separation between emission peaks is illustrated in Figure 7 , which is a montage of the eight symmetric peak profiles sharing this ≈ 64Å separation. The possible exception to this group is 03jd (bottom right in the figure) .
If the two peaks are associated with the two doublet lines of [O I] λλ6300, 6364, the implied 6300:6364 flux ratio of the lines is closer to 1:1 and not 3:1 as expected from the ratio of their transition probabilities when the lines are optically thin. This is perhaps unexpected, but not without precedent, as some SN and novae have shown similar ratios smaller than the nebular 3:1 value. Optical spectra of SN 1987A Li & McCray 1992) and 1988A showed [O I] 6300:6364 line ratios close to one in spectra taken at epochs t > 150 d post-outburst, and [O I] 6300:6364 flux ratios around 2 and smaller are routinely observed in novae at similar times (Williams 1994) . In these cases, deviations from the 3:1 nebular value are attributed to optically thick line emission with τ 1 (see McCray 1992 and Williams 1994) .
Asymmetric Profiles
The 11 [O I] λλ6300, 6364 emission line profiles shown in the right panel of Figure 6 exhibit two or more emission peaks, one located around 6300Å, and the other(s) blueshifted 1500 − 3300 km s −1 with respect to 6300Å, producing an asymmetrical-looking line profile. As was done for the symmetric profile SN, we subdivided these asymmetric profiles into three groups. Two broad-lined supernovae, 02ap and 04dk, form the top grouping. SN showing emission line profiles that are multi-peaked or double-peaked form the middle and bottom groupings, respectively. 
The Persistence of Blueshifted Emission Peaks
An important caveat to both Figure 6 and 7 is that these [O I] λλ6300, 6364 profiles are snapshots of emission at single epochs. This is a minor consideration for symmetric profiles like SN 2008ax showing double peaks that are persistent across all observations, with minimal, although measurable, evolution (see also Modjaz et al. 2008a and Maeda et al. 2008 ). On the other hand, temporal evolution is an important characteristic of asymmetric profiles which show blueshifted features that can evolve much more quickly. (Mazzali et al. 2005; Maeda et al. 2008; Modjaz et al. 2008a ). In this model, a double-peaked [O I] λλ6300, 6364 line profile reflects the observer's fortunate orientation close to the plane of an expanding torus/disk of ejecta leading to blue and redshifted emission peaks arising from the approaching and receding portions. Alternatively, viewing the torus perpendicular to the plane of expansion would result in a sharp, single-peaked [O I] line profile.
Three observational trends noted above in section §4 regarding double-peaked profiles, however, are difficult to reconcile with a torus/disk interpretation. Firstly, double-peaked emission profiles appear to be limited to the [O I] (Figs. 4 and 5) . Moreover, we find no clear double- Secondly, as illustrated in Table 2 and Figure 7 , the separation of the two prominent peaks in symmetric [O I] profiles is often very close to 64Å, i.e., the separation of the [O I] λλ6300, 6364 doublet. The spacing of the two peaks in the eight cases presented varies surprisingly little given the likelihood of differing viewing angles from random orientations in a torus/disk model. Although Maeda et al. (2008) report separations of ∼3000 km s −1 to ∼6000 km s −1 between emission peaks in the five double-peaked cases of their sample which we have included in our investigation, four out of five show separations of ∼3000 km s −1 , and it is only the broad-lined Type Ic SN 2003jd that exhibits the large separation of 6000 km s −1 . A third trend that runs counter to a torus or elongated shell interpretation is that 10 out of 11 asymmetric [O I] profiles presented in Figure 6 show predominantly blueshifted features. These profiles exhibit one blueshifted peak between ∼1000 to 3000 km s −1 , another peak located near 6300Å, and no prominent red peak at wavelengths significantly longward of 6300Å. If the two observed emission peaks are attributed solely to the 6300Å line of [O I] originating from a toroidal geometry of ejecta, then the most redshifted portion of the expanding ring/torus routinely has a velocity near zero km s −1 . This gives rise to the rather strange situation where the centers of expansion for these emission tori are systematically displaced toward us at velocities as high as 2000 km s The trend of observing mostly blueshifted emission peaks in the profiles (highlighted in Fig. 6 ) raises doubts about attributing asymmetric double-peaked [O I] λλ6300, 6364 line profiles to high velocity blobs or expanding O-rich tori. While blobs of ejecta traveling at thousands of km s −1 may represent a possible scenario (e.g., unipolar explosion models; see Hungerford et al. 2005) , the need for the centers of expansion of these blobs to be systematically at velocities directed toward the observer would seem unlikely. Thus, although the variety of observed profiles may require aspherically distributed ejecta, the absence of emission from the receding side of a presumed torus still needs explanation. rial traveling at a moderate velocity (−2000 to −4000 km s −1 ) in the front-facing hemisphere. Support for two sources comes from the asymmetric emission profiles (Fig. 6, right panel) which show broadly distributed emission about zero velocity and narrowly distributed emission peaks at blueshifted velocities.
On the other hand, in light of the mounting evidence that CCSN are intrinsically aspherical, a jet/torus model like that proposed by Mazzali et al. (2005) might still be the correct geometry but with considerable internal extinction. In cases like SN 2003jd where the expansion velocity is especially high and extinction is minimal, one may be seeing both blue and red sides of a shell or torus. However, in other cases where velocities are smaller and extinction is higher, the rear side of the ejecta and its emission might be hidden, even at epochs t > 200 d. This possibility is exemplified by the little redshifted emission in the Mg I] λ4571 and [O I] λ5577 lines observed in our sample spectra. In this case, emission may very well be coming from regions of high optical depth where the [O I] 6300:6364 flux ratio approaches unity.
We have explored both of these scenarios in simple line fitting models, namely, (1) a two-component [O I] λλ6300, 6364 profile consisting of a broad emission source centered around zero velocity and a narrow, blueshifted source with the [O I] 6300:6364 intensity fixed at the optically thin 3:1 ratio; and (2) a single component [O I] emission profile arising only from blueshifted emission with the 6300:6364 intensity ratio allowed to vary toward values approaching unity. Below, we briefly discuss these interpretations and highlight their own associated difficulties.
Broad Emission with a Blueshifted Emission
Component?
Two component line fitting models of [O I] λλ6300, 6364 emissions were constructed using the IRAF package SPECFIT (Kriss 1994) . Each profile fit consisted of five sources: (i) a linear continuum, (ii) a broad (FWHM ∼ 6000 km s −1 ) Gaussian centered at 6300 ± 10Å, (iii) another Gaussian shifted 64Å to the red fixed with the same FWHM and one third of the strength, (iv) a narrow (FWHM ∼ 1000 km s −1 ) Gaussian at a blueshifted wavelength, and (v) another narrow Gaussian 64Å to the red fixed with the same FWHM and one third of the strength. The free parameters were the strength of the linear continuum, and the position, FWHMs, and relative strengths of the pairs of peaks. The line profile model was tested with four supernovae (SN 2007gr, SN 2008ax, SN 2008bo, and SN 2004ao from Modjaz et al. 2008a showing symmetric and asymmetric profiles.
In Figure 9 we show the results of these reconstructed emission line profiles. The agreement between our model profiles and the observational data for the double-peaked While our fits are encouraging, such two-component line fitting models have notable drawbacks. For example, why clumps are only visible on the forward facing hemisphere, and never from the rear side, is problematic. It is puzzling that clumps would be visible only on the forward-facing hemisphere, and never from the rear side. If clumps were randomly distributed, a variety of blueshifted and redshifted emission peaks would be expected. Any explanation in which a preferential visibility of blueshifted peaks might be caused by high internal extinction is complicated by the fact that considerable broad emission is seen at both higher blue and redshifted velocities.
A Single Blueshifted Emission Component?
We also investigated the [O I] λλ6300, 6364 emission line profile that would follow from a single blueshifted emission source. In this scenario, the double-peaked line profile that is observed would simply be a reflection of the doublet nature of the [O I] λλ6300, 6364 lines. This configuration mimics emission originating from a blueshifted, optically thick region (possibly the front side of a ring, torus, or hollow shell) where the 6300:6364 flux ratio could approach unity and the lack of a corresponding redshifted emission peak might be due to significant internal extinction in the ejecta. line from day 74. We find we could obtain the best fit using a 6300:6364 ratio of 1:1 for the lines. Noticeable disagreement on the red side might be due to less reddening/extinction around 6300Å as compared to around 5577Å, and/or contribution from other lines to the red of the oxygen emission as evidenced by the moderate-strength emission at higher redward velocities. The model using the Mg I] λ4571 line template taken from the day 307 spectrum is shown in the top right panel of Figure 10 . Using a 1.2:1.0 ratio for the modeled λ6300 and λ6364 lines, we obtained a reasonable fit although there is disparity between the line model and observation around zero velocity.
The bottom left and right panels of Figure In general, the single component line fitting models of blueshifted emission reproduce the observations reasonably well for these two supernovae displaying well-defined double-peaked [O I] λλ6300, 6364 emission. However, attributing double-peaked [O I] emission to the two doublet lines has associated problems. For instance, understanding the origin of the preferentially blueshifted emission is unclear. The high optical opacities implied by the ∼1:1 ratio of the modeled [O I] λλ6300, 6364 lines might suggest significant internal extinction at epochs when the ejecta are thought to be optically thin. For epochs t > 200 d, expansion of the ejecta makes its density so low that emitted optical photons should have minimal interaction with the gas (Maeda et al. 2008) .
We note that the evolution of the [O I] emission line profile over several months led Modjaz (2007) and Modjaz et al. (2008a) to argue against associating the double-peaked emission with the two lines of the [O I] λλ6300, 6364 doublet. They observed the blueshifted peak of SN 2004ao's [O I] λλ6300, 6364 double-peaked profile decrease in strength relative to the redshifted one over several months (see Fig. 3 of Modjaz et al. 2008a) . Assuming the 6300:6364 flux ratio ratio should increase over time toward 3:1 as the supernova expands and thins out, observing the blue/red peak intensity ratio evolve in the opposite manner led them to conclude that the doublet lines were likely not behind the observed emission peaks. SN 2008ax is no different from SN 2004ao in that the blueshifted peak decreases in strength relative to the redshifted peak over time (see Fig. 2 ), and this trend would appear to challenge a simple doublet origin explanation.
However, aside from the fact that the emission peaks in both SN 2008ax and SN 2004ao lie intriguingly close to 64Å apart (Fig. 7) , we note that a red/blue emission peak ratio greater than unity does not necessarily exclude a λλ6300, 6364 doublet interpretation. As shown in our models (Fig. 9) , one can obtain red/blue emission ratios > 1 with a 6300:6364 flux ratio of ∼1:1 and overlapping line profiles. Trends in the [O I] λλ6300, 6364 line profiles observed in our assembled sample of 20 SN suggest two line profile groups. One group shows conspicuous symmetric emission peaks positioned about 6300Å that are persistent across the entire observing period. The other group shows an asymmetric emission profile with an emission peak near zero velocity plus one or more peaks at blueshifted velocities that sometimes persist until late epochs, but often evolves over short (t < 2 months) timescales. Because our spectra for SN 2008ax cover the broadest time interval (day 67 to 307) and it exhibits strong, sharp and well defined [O I] emission peaks compared to many other late-time CCSN spectra, we have used SN 2008ax to help guide our investigation into the double peak nature of [O I] λλ6300, 6364 line profiles in CCSN.
Three properties of the late-time [O I] λλ6300, 6364 line profiles studied here, though consistent with aspherically distributed supernova ejecta, are difficult to reconcile with a torus/disk interpretation. These include:
1. Doubled-peaked line profiles are only observed in [O I] λλ6300, 6364 (see Fig. 4 Fig. 6 , right panel). If attributed to the 6300Å line of [O I] , this implies that the most redshifted portion of an expanding torus routinely has a velocity around zero km s −1 . Consequently, if the observed double emission peaks seen in such asymmetrical profiles arise from front and rear portions of an expanding torus, then the centers of expansion need to be displaced toward us at velocities up to 2000 km s −1 .
We conclude that double-peaked [O I] λλ6300, 6364 line profiles of some stripped-envelope, core-collapse supernovae are not necessarily signatures of emission from the front and rear faces of a torus or elongated shell of O-rich ejecta as has been proposed. This conclusion led us to investigate alternative interpretations for the variety of observed [O I] λλ6300, 6364 profiles through line fitting models.
Two models explored were (1) the [O I] λλ6300, 6364 profile consisting of two emission components, namely, a broad emission source centered around zero velocity and a narrow, blueshifted source, and (2) the [O I] emission profile arising only from blueshifted emission. Although both line fitting models generate reasonable fits to the observations, both have drawbacks. The twocomponent emission model does not readily explain why the O-rich clumps associated with the emission peaks are only visible on the forward facing hemisphere and almost never from the rear side. On the other hand, the single blueshifted peak model requires optically thick conditions and implicates significant internal extinction or scattering in the ejecta at late epochs when they are thought to be optically thin.
The underlying cause of the observed predominance (18 out of 20) of mainly blueshifted emission peaks in the late-time spectra of stripped-envelope CCSN is presently unclear. While a torus or elongated shell model as previously proposed is no longer required to explain many of the observed double-peaked [O I] λλ6300, 6364 line profiles, such a geometry may still be viable for explaining the observed sharp blueshifted emission peaks if the rear portion of an O-rich torus or shell is somehow hidden by dust or scattering. However, even with a higher optical opacity not typically anticipated at these epochs, why the blueshifted peak velocity of [O I] is so frequently observed to be around −2000 km s −1 for the symmetric profile SN needs to be explained. Also needing explanation is the nature of the sharp emission peak near zero velocity for the other asymmetric profile cases as well as This work has made use of data from many previous observers which proved invaluable in our analysis. We thank M. Modjaz for many helpful comments and encouragement, and for kindly providing spectra for SN 2004ao, SN 2006T, SN 2005bf, SN 2004gt, and SN 2008D . We also thank P. Höflich for additional helpful discussions. Some data presented here was obtained at the MMT Observatory, a joint facility of the Smithsonian Institution and the University of Arizona. Supernova research at the Harvard College Observatory is supported by the National Science Foundation grant AST-0606772. D.M.'s research was supported in part by a Canadian NSERC award.
